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Abstract 

Fas-apoptotic inhibitory molecule 2 (Faim2) is a neuron-specific 
membrane protein and a member of the evolutionary conserved lifeguard 
apoptosis regulatory gene family. Its neuroprotective effect in acute 
neurological diseases has been demonstrated in an in vivo model of focal 
cerebral ischemia. Here we show that Faim2 is physiologically expressed 
in the human brain with a changing pattern in cases of infectious 
meningoencephalitis. In Faim2-deficient mice, there was increased caspase- 
associated hippocampal apoptotic cell death and an increased extracel- 
lular signal-regulated kinase partem during acute bacterial meningitis 
induced by subarachnoid infection with Streptococcus pneumoniae type 
3 strain. However, after rescuing the animals by antibiotic treatment, 
Faim2 deficiency led to increased hippocampal neurogenesis at 7 weeks 
after infection. This was associated with improved performance of 
Faim2-deficient mice compared to wild-type littermates in the Monis 
water maze, a paradigm for hippocampal spatial learning and memory. 
Thus, Faim2 deficiency aggravated degenerative processes in the acute 
phase but induced regenerative processes in the repair phase of a mouse 
model of pneumococcal meningitis. Hence, time-dependent modulation 
of neuroplasticity by Faim2 may offer a new therapeutic approach for 
reducing hippocampal neuronal cell death and improving cognitive 
deficits after bacterial meningitis. 
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INTRODUCTION 

Neuroplasticity within the adult mammalian brain com- 
prises a variety of biological processes by which the CNS 
responds to aging and injury. At the single-cell level, apoptosis 
and neurogenesis are complementary processes involved in the 
structural neuroplasticity that follows neurodegeneration, is- 
chemia, trauma and inflammation, and associated secondary 
injury (1). The molecular mechanisms regulating cell fate de- 
cisions are important because secondary injury, unlike most 
primary insults, usually takes place in a potential therapeutic 
time window. In rodents and humans, basal adult neurogenesis 
is observed in 2 anatomic regions: the sub ventricular zone of 
the lateral ventricles/olfactory bulb (referred to as ' 'rostral mi- 
gratory stream") and the subgranular zone of the dentate gyrus 
(DG) of the hippocampal formation (2-4). It is generally ac- 
cepted that pathological conditions can stimulate adult neuro- 
genesis in these neurogenic regions. In contrast, the occurrence 
and significance of damage-induced neurogenesis in areas such 
as the neocortex, striatum, amygdala, and hypothalamus are a 
matter of debate (5). 

Despite the development of new antibiotics and intensive 
care options, bacterial meningitis, which is most often (60%) 
caused by Streptococcus pneumonia, remains an infectious 
disease with high mortality, i.e. up to 30%, and frequently has 
long-term sequelae (6-8). Permanent neurological deficits after 
bacterial meningitis typically include hearing loss, epileptic 
seizures, cerebral palsy, and cognitive impairment, particularly 
affecting learning and memory. Because it is almost impossible 
to treat the primary insult prior to the start of antibiotic treat- 
ment, understanding secondary (mal-) adaptive molecular me- 
chanisms is a prerequisite to decreasing the morbidity associated 
with bacterial meningitis. 

FasL-Fas (CD95L-CD95), one of the best-known death 
receptor-mediated cell signaling systems, is involved a number 
of pathological conditions of the CNS (9, 10). In addition to cell 
death signaling, nonapoptotic functions also seem to depend on 
Fas/CD95 activation (10-13), supporting regenerative processes 
such as neurogenesis (14-16) and neuritogenesis (17-19). The 
molecular mechanisms responsible for the switch between ap- 
optotic and nonapoptotic Fas/CD95 signaling are not com- 
pletely understood. 

Fas apoptotic inhibitory molecule 2 (Faim2) is a 35-kDa 
membrane protein that is predominantly expressed in neurons; it is 
a member of the Bax inhibitor- 1 (BI-1) family, an evolutionary 
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strongly conserved group of small transmembrane Bax inhib- 
itor motifs (TMBIM)-containing proteins with cytopro- 
tective and antiapoptotic properties (20-22). Faim2 directly 
interacts with Fas upstream of the Fas-associated death 
domain-containing protein (FADD) (23), possibly at lipid rafts 
microdomains (24). Faim2 is activated by the phosphatidyl 
inositol 3-kinase (PI 3-kinase)-Akt/protein kinase B (PKB) 
pathway (25). Murine Faim2 null mutants display Faim2- 
dependent effects on cerebellar development and, in adult 
mice, on cerebellar cell homeostasis (26). In hypoxic -ischemic 
conditions, Faim2 deficiency increases neuronal vulnerability 
in vitro and in vivo (27). Lentiviral Faim2 overexpression not 
only rescues this phenotype in Faim2 null mutants but also 
shows additional neuroprotection in Faim2 wild-type mice. 

In this study, we characterized physiological and non- 
physiological Faim2 expression in the human hippocampus (DG) 
and analyzed the influence of Faim2 on the course of murine 
meningitis caused by Streptococcus pneumoniae type 3 strain 
(SP3) in vivo, with special focus on cellular changes in the DG 
and its associated functions such as learning and memory. 



MATERIALS AND METHODS 

Autopsy Cases 

Standard formalin-fixed, paraffin-embedded hippocam- 
pal tissue samples from 4 patients with neuropathologically 
confirmed bacterial meningoencephalitis and 4 control cases 
were studied (Table 1). The sections were analyzed with re- 
spect to inflammatory infiltration including granulocyte inva- 
sion of the adjacent meninges and hippocampal Faim2 expression 
by hematoxylin and eosin staining and anti-Faim2 immuno- 
histochemistry. Clinical data of the patients were obtained by 
analyzing the digital or written clinical charts. No neuropath- 



ological abnormalities in the DG were found in the control 
cases; in particular, there was no evidence of inflammation, 
hypoxia, or neuronal damage. The study was approved by the 
Ethics Committee of the Medical Faculty of the RWTH Uni- 
versity Aachen, Germany. 

Mouse Model and Experimental Design 

For all experiments, murine 8- to 12-week-old male 
Faim2 null mutant (Faim2 1 ) and wild-type littermates 
(Faim2 +/+ ) were used. The generation, the morphological and 
spontaneous behavioral phenotype, as well as genotyping were 
previously described (27). Mice were habituated to a 12-hour 
shifted day/night cycle. The animal experiments were approved 
by the Animal Care Committee of the University Hospital 
Gottingen and by the District Government of Braunschweig, 
Lower Saxony as well as by the University Hospital Aachen 
and the District Government of Recklinghausen, North Rhine 
Westphalia, Germany. 

Experimental procedures were adapted from earlier stu- 
dies (28, 29). Mice were anesthetized with 100 mg/kg body 
weight ketamine and 10 mg/kg body weight xylazine intra- 
peritoneally before subarachnoid injection of 10 |xL of 0.9% 
NaCl containing 10 4 colony-forming units of SP3 or saline 
through the right frontolateral skull. After infection or sham 
injection of an equal volume of 0.9% saline, animals were di- 
vided into the following groups: one group of mice ("early 
meningitis": n = 11 Faim2 +/+ , n = 10 Faim2 1 ; and saline 
controls: n = 8 each group) remained untreated; these mice 
were killed 24 hours after infection or monitored for mortality. 
The second group ("late meningitis": n = 10 Faim2 +/+ , n = 10 
Faim2 _/ " [7 mice died during the course of meningitis]; saline 
control: n = 10 Faim2 +/+ , n = 13 control Faim2 ) received 
subcutaneous treatment with ceftriaxone (100 mg/kg body weight; 
Roche, Grenzach-Wyhlen, Germany) twice daily starting 18 hours 



TABLE 1. Clinical Data of Cases With Bacterial Meningoencephalitis and Controls* 

CRP 

(mg/L)/PCT Leukocytes Interval Onset of CSF Cell 





Age (Sex) 


Cause of Death 


Immunosuppression 




(/mL) 


Pathogen 


Sepsis/SIRS-Death 


Count (/mL) 


Patient ID 


















S-ME-1 


<1 (F) 


Cardiopulmonary 
failure 


preterm (29th WOG, 
1.255 g BW), 
RSV infection 


16 2 


5.0 1 


Diplococcus 11 


24 h 


Not analyzed 


S-ME-2 


66 (F) 


Septic shock 


HTX 


>224.5 4 


16.5 4 


E. coli B , Enterococcus B 


<30 d 


Not analyzed 


S-ME-3 


79 (M) 


Septic shock 


None 


> 183. 6 s 


22.4 9 


Streptococcus 3 


Unknown 


135 


S-ME-4 


56 (F) 


Intraventricular 
hemorrhage with 
hydrocephalus 
occlusus 


None 


124'/PCT 6.0 4 


16.9 s 


Klebsiella pneumonia ^ 


7 d 


7130 


Controls 


















S-ME-5 


65 (F) 


Intracerebral 
hemorrhage 


None 


PCT 0.24 3 


13.0 3 








S-ME-6 


65 (M) 


Cardiogenic 


None 


(12)/PCT 4.4 3 


5.5" 








S-ME-7 


56 (M) 


Cardiogenic 


None 


5.5 2 


8.5 2 








S-ME-8 


85 (M) 


Cardiogenic 


None 


15.3 3 /PCT 0.04 1 


8.8 3 









Elevated numbers denote the amount of repeated documented measurements within the last 3 days before death; data in parentheses denote only available measurement not within 
the last 3 days before death. 

* Histologically intact dentate gyrus without signs of inflammation, cell death, astrogliosis, or microglial activation. 

B, blood; BW, birth weight; CRP, C -reactive protein (normal range <5 mg/L); PCT, procalcitonin (normal range = 0. 1-0.5 (Jig/L); CSF, cerebrospinal fluid; F, female; H, histology; 
HTX, heart transplant; M, male; RSV, respiratory syncytial virus; SIRS, systemic inflammatory response syndrome; WOG, week of gestation. 
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after infection until Day 5. These animals were also injected 
intraperitoneally with bromodeoxyuridine (BrdU; 50 mg/kg 
body weight; Sigma-Aldrich, St. Louis, MO) twice daily from 
Day 3 to Day 5 after infection. Mice killed 24 hours after in- 
fection were monitored for body weight, clinical, and motor 
performance before and at 12 and 24 hours after infection. In 
the long-term experiment, these parameters were checked at 
baseline, daily between Day 1 and Day 5 after infection, and 
once weekly from Week 2 to Week 7 after infection. At 
8 weeks after infection, Morris water maze (MWM) and motor 
tasks (accelerod) tests were performed. Surviving animals were 
killed via the use of an overdose of xylazine 24 hours (early 
meningitis) or 9 weeks (late meningitis) after infection, and 
brains were removed for further analysis. The hippocampal 
formation was separated from the other brain structures. Cere- 
bellum, spleen, and blood samples were processed to determine 
bacterial titers, as previously described (29). 

Immunohistochemistry 

Coronal slices of the formalin-fixed brains were embed- 
ded in paraffin. Four-micrometer-thick brain sections were 
prepared from the blocks that corresponded to coordinates from 
bregma —1.46 to —1.77 (30). After deparaffinization, sections 
were treated by microwaving for 5 minutes (3 times) in citric 
acid buffer (10 mmol/L, pH 6.0). Blocking with 10% fetal calf 
serum (Invitrogen, Life Technologies, Darmstadt, Germany) 
was followed by incubation with primary antibodies at the 
concentrations indicated at room temperature or at 4°C for 
indicated. The immunogen sequence of the polyclonal anti- 
human Faim2 antibody (rabbit, 1:500, no. HP AO 18790; Sigma- 
Aldrich, Taufkirchen, Germany) compromised aa 1—45 of 
the full-length protein. Dividing cells were visualized by 
rat anti-BrdU (1:200; Abeam, Cambridge, UK), and neuronal 
differentiation was determined by mouse anti-NeuN antibo- 
dies (1:100; Millipore, Schwalbach, Germany) incubated for 
90 minutes at room temperature. For the detection of activated 
caspases, rabbit anti-cleaved caspase 3 (1:200; Cell Signaling 
Technology, Danvers, MA) and rabbit anti-cleaved caspase 
8 (1:1000; Imgenex, San Diego, CA) antibodies were used. 
Phosphorylated Erk was detected by using rabbit anti-pERKl/2 
antibody (1:100; Invitrogen Life Technologies). Sections were 
incubated at 4°C overnight. For visualization, the follow- 
ing secondary antibodies were used: goat anti-rabbit IgG (H and 
L) Alexa Fluor 488 (Invitrogen), goat anti-mouse IgG (H and L) 
Alexa Fluor 555 (Invitrogen), and rabbit anti-rat IgG (H and L) 
biotinylated (Vector Laboratories, Burlingame, CA). Control 
sections were incubated with isotype control antibody or without 
primary antibody. To assess the extent of meningeal inflamma- 
tion and neuronal damage, paraffin sections were stained with 
hematoxylin and eosin following standard procedures. 

For analysis of hippocampal apoptosis, terminal deoxy- 
nucleotidyl transferase (TdT)-mediated dUTP-biotin nick end 
labeling (TUNEL) was performed with the In Situ Cell Death 
Detection Kit (Roche) according to the manufacturer's protocol. 

Real-time Reverse Transcription-Polymerase 
Chain Reaction 

RNA was isolated from right hemispheric hippocampal 
tissue of Faim2~ /_ and Faim2 +/+ mice using the RNeasy Mini 
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Kit (Qiagen, Hilden, Germany) and reversely transcribed by 
M-MLV reverse transcriptase (Promega, Mannheim, Germany), 
as previously described (27). cDNA was amplified by real- 
time polymerase chain reaction (PCR) using SYBR Green 
(Thermo Fisher Scientific, Waltham, MA) and the follow- 
ing primers (Metabion, Martinsried, Germany): Faim2 (fwd 
5'- AGAAGACATCATGACCCAGGG-3', rev 5'-CTTTCTG 
GTCATCCCAGCTG-3'), Fas/CD95 (fwd 5'-CTGCGATGAAG 
AGCATGGTTT-3', rev 5'-CCATAGGCGATTTCTG GGAC-3') 
and murine glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(fwd 5'-TGGC AAAGTGGAGATTGTTGCC-3', rev 5'-AAG 
ATGGTGATGGGCTTCCCG-3') (annealing temperature for 
all 60°C) as housekeeping gene. Specificity of individual real- 
time PCR products was assessed by melting curve analysis. All 
sets of reactions were measured as duplicates, and each mea- 
surement included a nontemplate control. Stratagene Mx3000P 
sequence detection system (Agilent Technologies, Santa Clara, 
CA) was used to perform the molecular reactions. Quantitative 
analysis was carried out by applying the 2 AACt method 
(MxPro-Mx3000P, version 3.5.2; Agilent Technologies). All 
gene-specific mRNA expression values were normalized against 
GAPDH. PCR was performed with samples of 6 control and 
8 meningitis mice. 

Clinical Assessment 

Mice were weighed and clinically scored at the indicated 
time points. The clinical score (range = 0^1) assessed global 
motor capabilities and vigilance: healthy status (score = 0), le- 
thargic and walking (score =1), somnolent and walking (score = 
2), stuporous and unable to walk (score = 3), or dead (score = 4). 

Motor Performance 

The tightrope test (31) and accelerod were performed at 
the indicated time points. For the first test, mice were placed in 
the middle of a tightrope (length = 60 cm, thickness = 2 mm, 
height above ground = 50 cm) and the time to reach the plat- 
form at either end of the rope was measured. The needed time 
was converted into a score (29). In the accelerod test, mice 
were trained to run on a treadmill (47600-Maus-Rota-Rod, 
Ugo Basile, Comerio VA, Italy; acceleration: 10-40 rounds per 
min [rpm] either over 3 minutes), and the time on rod was 
recorded. At baseline, all animals met the criteria of successful 
test performance. 

Visuospatial Learning and Memory 

At 7 weeks after meningitis, hippocampal function was 
analyzed by applying adapted protocols of the MWM (diam- 
eter = 120 cm, height = 60 cm, mice-only use; TSE Systems, 
Bad Homburg, Germany) (32). The complete task consisted 
of cue learning (4 days), spatial acquisition (6 days learning, 
seventh-day reference memory [probe trial]), and spatial re- 
versal (6 days of releaming, seventh-day new reference mem- 
ory). Each animal performed a maximum of 4 trials per day 
(maximal duration =120 seconds per trial, minimal intervals 
between trials = 45-60 minutes). Time for task completion, 
swimming speed, and swimming partem were recorded 
(VideoMot2; TSE Systems). Nonperformers ("floaters") were 
excluded from further testing and analyses. 

© 2013 American Association of Neuropathologists, Inc. 
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FIGURE 1. Fas apoptotic inhibitory molecule 2 (Faim2) ex- 
pression in the human hippocampus in patients without and 
with bacterial meningitis. (A) Faim2 immunoreactivity is ob- 
served in the cytoplasm of many dentate gyrus granule cells in 
a control case (S-ME-6) without neuropathological abnormali- 
ties (hematoxylin counterstain; scale bar = 45 |j.m). (B) In 
contrast, fewer hippocampal granule cells are Faim2- 
immunoreactive in a meningoencephalitis case (S-ME-4); in 
addition, there is nuclear immunoreactivity of labeled neurons 
(hematoxylin counterstain; scale bar = 45 |xm). 

Quantification of Immunoreactive Cells 

The sections were examined by a blinded investigator 
using a 40x objective. Only immunoreactive cells within the 
granule cell layer and the subgranular zone of the DG were 
counted. An Analysis Software Imaging System (microscope 
BX5 1 [Olympus, Hamburg, Germany] and software AnylySIS 
3.2 [Soft Imaging System, Miinster, Germany]) was used to 
measure the area of the dentate granule cell layer. The density of 
immunolabeled cells was expressed as the number of marked 
cells per square millimeter of the area measured. The density of 
immunolabeled cells was evaluated in 3 coronal sections 
per mouse. Cells marked by TUNEL/in situ tailing were only 
counted if additional morphologic criteria of apoptosis such as 
cell shrinkage, fragmented, and condensed nuclei were ob- 
served at a 60 x oil magnification. Six coronal sections per an- 
imal in 20-|xm distances beginning at the coordinates defined 
above were quantified. Faim2-immunoreactivity was deter- 
mined semiquantitatively by the ratio of labeled cells versus 
nonlabeled cells using the following scoring system: 0% of 
cells = 0, 1% to 10% of cells = 1,1 1% to 50% of cells = 2, 51% 
to 100% of cells = 3. The inflammation score was assessed by 
evaluating the invasion of granulocytes into defined regions 
of the CNS: frontal interhemispheric region, hippocampal fis- 
sures, 3 superficial meningeal regions of the convexities and 
third ventricle. The degree of granulocyte density in 1 high- 
power field (diameter = 250 |xm) per region was converted to 
scores as follows: no granulocytes = 0, 10 granulocytes = 1, 10 
to 50 granulocytes = 2, and more than 50 granulocytes = 3; 
ranges of the scores (sum) were 0 to 2 1 , as applied earlier (29), 

© 2013 American Association of Neuropathologists, Inc. 



and 3 sections per animal were analyzed. Neuronal damage 
was assessed by typical morphological changes for necrosis 
such as condensation of chromatin structures, eosinophilia, 
nuclear, and cell swelling and sometimes surrounding inflam- 
matory reaction and was analyzed in the following regions: 
hippocampus, DG, basal ganglia, and cortex. The number of 
damaged neurons was quantified by conversion into scores as 
follows: 0 = no damaged cells, 1 = 10%, 2 = 1 1% to 30%, 3 = 
more than 30% of neuronal cells with necrotic or apoptotic 
morphology; range of the score (sum) was 0 to 12 (32), and 
3 coronal sections per animal were analyzed. Confocal images 
were obtained on a LSM700 microscope (Carl Zeiss, Jena, 
Germany) using the 405- and 488-nm laser lines for excitation 
of DAPI and Alexa-488. Three coronal sections per animal 
were analyzed. 

Statistical Analysis 

Survival time was expressed in hours and evaluated by 
Kaplan-Meier plots that were statistically compared by logrank 
test. If not stated otherwise, data were expressed as mean ± 
SEM. Two groups were compared by unpaired /-test, whereas 
for comparison of more than 2 groups (e.g. genotype and 
treatment), 2-way analysis of variance and Bonferroni post hoc 
test were used, p < 0.05 was considered statistically significant. 
Statistical analyses were carried out using GraphPad Prism 
(Version 5.00, La Jolla, CA). 

RESULTS 

Physiological and Disease-Related Expression of 
Faim2 in the Human DG 

In most control autopsies, there was Faim2-specific 
staining of cytoplasm and axons in more than 50% of neurons 
in the fascia dentata (Fig. 1A; Table 2). In contrast, in most 
cases with bacterial meningitis, less than 50% of neurons were 
Faim2-positive. Furthermore, there was additional nuclear 
staining for Faim2 in the meningitis cases (Fig. IB). Despite 
the low sample size and heterogeneity with respect to age, sex, 
underlying disease, and bacterial pathogen (Table 1), there was 
a trend toward downregulated Faim2 expression in the DG in 



TABLE 2. Neuropathological Scoring of Granulocyte 
Infiltration and Faim2 Expression in Patients' Hippocampi 

Granulocytes* Faim2 Expressionf 



Patient ID (meningitis cases) 



S-ME-1 


2.5 


2 


S-ME-2 


3 


2 


S-ME-3 


3 


2.5 


S-ME-4 


3 


2 


Controls 






S-ME-5 


0 


3 


S-ME-6 


0 


3 


S-ME-7 


0 


3 


S-ME-8 


0 


2 



*Granulocyte content of meninges adjacent to the hippocampus. Scale: 0, none; 1, 
few; 2, many; 3, abundant. 

f Granular neurons in the dentate fascia. Scale: 0, 0% of cells; 1 , 1 % to 1 0% of cells; 
2, 11% to 50% of cells; 3, 51% to 100% of cells. 
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clinical presentation 
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FIGURE 2. Clinical course, motor performance, and survival in mice with early meningitis. Comparisons of clinical presentation, 
extent of weight loss, and motor performance assessed by tightrope test and Rotarod treadmill during bacterial meningitis 
between Faim2 +/+ and Faim2~ / ~ mice. The decrease in motor performance (tightrope test p < 0.01 , accelerod p < 0.05) and the 
extent of weight loss (p < 0.001 ) 24 hours after infection were significant and are typical features of the acute phase of meningitis 
but did not differ significantly between the genotypes. Spontaneous survival time after meningitis in Faim2 +/+ and Faim2 _/ ~ 
mice without antibiotic treatment was recorded in hours and evaluated by Kaplan-Meier plot illustrating no significant difference 
in survival between the 2 genotypes during early meningitis (p = 0.31 3). ns, not significant. 
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patients with bacterial meningitis. This is the first evidence of 
Faim2 expression in the human CNS and of probable differ- 
ential expression in a pathological condition. 

Genotype-Independent Clinical Course 
of Early Meningitis 

We used Faim2-deficient mice ( 1 0) to evaluate the effects 
of Faim deficiency in experimental meningitis. Bacterial titers 
in blood, spleen, and cerebellum and histological evidence of 
meningeal granulocyte infiltration did not differ significantly 
between Faim2 null mutants and wild-type littermates 24 hours 
after subarachnoid infection with SP3. As expected, titers were 
highest in the cerebellum. Necrosis was detectable in all infected 
mice during meningitis and was most pronounced in the hippo- 
campal formation and to a much lesser extent in the cortex 
(Supplementary Fig. 1A-D, http://links.lww.com/NEN/A537). 
Neuronal damage assessed by the necrosis score did not differ 
significantly between the phenotypes (6 + 0.09 in Faim2 +/+ 
mice vs 5.2 ± 0.73 in Faim2 1 mice, p = 0.5091). Similarly, the 
clinical course of early meningitis did not vary with the Faim2 
genotype. All animals experienced weight loss (7%-8%), im- 
paired motor performance (tightrope test, accelerod), and deteri- 
oration of the clinical phenotype within 24 hours (Fig. 2). In a 
separate experiment, subarachnoid infection with SP3 without 
antibiotic treatment proved to be lethal for all mice independent 
of genotype (Fig. 2). 

Reciprocal Regulation of Fas/CD95 and Faim2 
Gene Expression in Early Meningitis 

At 20 hours after infection, hippocampal mRNA analysis 
of Faim2 +/+ mice revealed a significant 5.5-fold increase in Fas/ 
CD95 expression and a significant decrease by 0.5 in Faim2 
expression versus saline-treated controls (p < 0.01 and p < 
0.001, n = 8 meningitis, n = 6 control, unpaired /-test). This 
inverse regulation during the acute phase of a disease resem- 
bled the expression pattern observed in cerebral ischemia (27). 

Genotype-Dependent Degree of Neuronal 
Apoptosis in the DG in Early Meningitis 

Quantification of TUNEL staining in the DG at 24 hours 
after infection revealed a genotype-dependent significant increase 
in apoptosis in the Faim2 1 mice versus wild-type controls 
(Fig. 3A). Baseline cell death density was lower and not de- 
pendent on the genotype. Double staining by immunofluores- 
cence confirmed that cell death mechanisms were associated 
with activated initiator and effector caspases (i.e. colocalization 
of TUNEL with cleaved caspase 8 and cleaved caspase 3) and 



specificity for neurons (i.e. colocalization of NeuN with 
cleaved caspase 8 and cleaved caspase 3) (Fig. 3D-G). 

Clinical Course and Motor Performance in 
Late Meningitis 

A 7-week follow-up after subarachnoid SP3 infection and 
rescue by antibiotic treatment from Day 1 to Day 6 displayed 
characteristic postmeningitis abnormalities of clinical status 
and behavior in all mice. The tested parameters changed mostly 
during the first 5 days after infection and then gradually returned 
to baseline during the following weeks. Results of the tightrope 
test and clinical scoring and weight did not differ between 
Faim2 and Faim2 +/+ genotypes (data not shown). 

Genotype-Dependent Recovery of Hippocampal 
Function in Late Meningitis 

The MWM is a frequently applied test of spatial learning 
(acquisition and reversal) and reference memory (probe trial) 
tasks; the results of this test strongly correlate with processes of 
hippocampal plasticity (33). The general test accessibility of all 
experimental animals was demonstrated by successful cue 
training (Fig. 4A). SP3-infected mice displayed increased la- 
tencies and slower learning curves compared to sham-infected 
animals in the first 1 to 3 days of cue training independent of 
Faim2 genotype. At Day 4, statistically significant differences 
within treatment groups or genotypes were no longer observed 
(data not shown). Overall, in this control condition, all mice 
learned how to swim to a cued goal (platform) and performed 
equally well at final testing. 

Mice that had SP3 infection and survived as a consequence 
of antibiotic treatment performed worse in all hippocampus- 
specific tasks of the MWM (acquisition, reversal, probe trial) at 
7 to 9 weeks after infection compared to sham-infected litter- 
mates (acquisition and reversal, Day 6: p < 0.01 sham- vs SP3- 
infected mice [data not shown]). The only exception to this 
general observation was the performance of sham-infected 
Faim2 null mutants in the probe trials (similar to SP3 -infected 
mice); they failed to show correct quadrant preferences in both 
probe trials. This may suggest a latent spontaneous Faim2 _/_ 
phenotype. 

Detailed analyses of the acquisition and reversal trials 
revealed that the significant differences in these spatial learn- 
ing tasks at the end of training (Day 6) were mainly due to the 
reduced abilities of SP3-infected Faim2 wild-types to learn 
(acquisition: interaction [p = 0.001], treatment [p = 0.0002], 
genotype [p = 0.1596], p < 0.01 Faim2 +/+ [SP3] vs Faim2 _/ " 
[SP3], p < 0.001 Faim2 +/+ [saline] vs Faim2 +/+ [SP3]; rever- 
sal: interaction [p = 0.0396], treatment [p = 0.0009], genotype 



FIGURE 3. Fas apoptotic inhibitory molecule 2 (Faim2)-dependent hippocampal neuronal cell death in early meningitis due to 
Streptococcus pneumoniae type 3 strain (SP3). (A) Comparison of the density of apoptotic neurons in the dentate gyrus (DC) between 
Faim2 +/+ and Faim2 _/ ~ mice reveals greater numbers of terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end 
labeling (TUNEL)-positive cells in Faim2-null mutants 24 hours after infection (mean + SEM) (*Faim2 +/+ vs Faim2 _/ ~, p < 0.05; 
#Faim2~'~ SP3 vs saline, p < 0.01). (B, C) Examples of TUNEL-positive cells in Faim2 _/ ~ (B) and Faim2 +/+ (C) mice identifying 
apoptotic neurons in the DG of infected animals. (D-C) Double immunofluorescence staining with colocalization of TUNEL (red, D) 
or NeuN (red, E) and cleaved caspase 3 (green, merge in yellow) and TUNEL (red, F) or NeuN (red, G) with cleaved caspase 8 (green, 
merge in yellow) (Faim2 _/ ~ mice with SP3 infection) indicating that cell death mechanisms were associated with caspases 3 and 
8 and were specific for neurons. 
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[p = 0.1353], p < 0.001 Faim2 +/+ [saline] vs Faim2 +/+ [SP3]) 
(Fig. 4B). By contrast, SP3-infected Faim2 null mutants showed 
similar learning curves during training and results at the end of 
training as the sham-infected mice (acquisition and reversal, 
Day 6: ns Faim2 1 [saline] vs Faim2 [SP3]). 

Genotype-Dependent Differences in 
Exploratory Behavior and Locomotor Ability 
in Late Meningitis 

The evaluation of exploratory behavior was assessed by 
open field test and balance and coordination by Rotarod tread- 
mill. The analysis revealed no differences in distance and rear- 
ing between infected Faim2 wild-type mice and noninfected 
controls, but exploratory behavior was more pronounced in 
infected Faim2 1 mice with a significantly longer distance 
in comparison to uninfected Faim2 _/_ (p < 0.01), as well as 
in comparison to infected Faim2 +/+ mice (p < 0.05). The ten- 
dency was also observed for the number of rearings, but this 
did not reach statistical significance (Fig. 5). The performance 
within the treadmill was also significantly better in infected 
Faim2 1 mice in comparison to wild-type controls (p < 0.05; 
mean + SE, Faim2 +/+ [saline] n = 10, Faim2~ /_ [saline] n = 13, 
Faim2 +/+ [SP3] n = 6, Faim2 _/ " [SP3] n = 7; 2-way analysis 
of variance followed by Bonferroni post hoc analysis) (Fig. 5). 



OFT - distance 



Genotype-Dependent Increase in Hippocampal 
Neurogenesis and Evidence for Alternative Fas/ 
CD95 Signaling After Meningitis 

Application of BrdU on Days 3 to 5 after subarachnoid 
SP3 infection labeled dividing cells in a time window where 
neurogenesis was increased in previous studies (29, 34). 
Quantification of BrdU/NeuN double staining in the DG at 
7 weeks after infection revealed a significant increase in newly 
differentiated NeuN-immunoreactive neurons in Faim2 1 
versus Faim2 +/+ littermates (Fig. 6AB). In infected mice but 
not healthy controls, we observed cells positive for phosphor- 
ylated ERK (Fig. 6C). Comparing the staining for phosphory- 
lated ERK in the DG at 0, 10, and 20 hours after infection 
displayed a time-dependent activation pattern (Fig. 6D). This 
finding indicates activation of alternative Fas/CD95 signaling 
in the DG in bacterial meningitis. 

DISCUSSION 

Our results show that Faim2 influences caspase- 
associated hippocampal neuronal cell death in early bacterial 
meningitis as well as reactive hippocampal neurogenesis in the 
later course of meningitis. Despite increased early hippocampal 
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FIGURE 5. Genotype-dependent differences in exploratory 
behavior and locomotor ability in late meningitis due to 
Streptococcus pneumoniae type 3 strain (SP3). There were no 
differences in the performance in the open field test (OFT) and 
accelerod between infected Faim2 wild-type mice and 
noninfected controls. Faim2 _/ ~ mice performed significantly 
better (OFT: distance; accelerod) than infected littermates and 
in part better than noninfected controls (OFT: distance: *, p < 
0.05; #, p < 0.01 Faim2 ^ [saline] vs Faim2 ^ [SP3]; 
accelerod: *, p < 0.05 Faim2 +/+ [SP3] vs Faim2 _/ ~ [SP3]; 2-way 
analysis of variance followed by Bonferroni post hoc analysis). 



FIGURE 4. Genotype-dependent differences in visuospatial learning in late meningitis due to Streptococcus pneumoniae type 3 strain 
(SP3). At 7 weeks after meningitis, impairment in hippocampal function was evaluated by Morris water maze: The complete task 
consisted of cue learning (4 days), spatial acquisition (6 days learning, seventh-day reference memory [probe trial]) and spatial 
reversal (changed position of platform, 6 days relearning, seventh-day new reference memory, not all data of experiments shown). 
In general, all mice with bacterial meningitis performed worse than sham-infected controls. (A) The general test accessibility of all 
experimental animals was demonstrated by successful cue training, where at the end on Day 4, no significant differences in latency 
to find the platform were detected. (B) SP3-infected Faim2 +/+ mice performed significantly worse at the end of acquisition and 
reversal trials (Day 6) in comparison to SP3-infected Faim2 ~' _ animals. Performance of SP3-infected Faim2 +/+ mice was significantly 
worse in comparison to sham-infected Faim2 +/+ littermates (mean ± SE; Faim2 +/+ [saline] n = 10, Faim2 _/ ~ [saline] n = 1 3, Faim2 + ' + 
[SP3] n = 6, Faim2 _/ " [SP3] n = 7; acquisition: *, p = 0.001 Faim2 +/+ [saline] vs Faim2 +/+ [SP3]; #, p < 0.01; reversal: *, p < 0.001 
Faim2 +/+ [saline] vs Faim2 + ' + [SP3], 2-way analysis of variance followed by Bonferroni post hoc analysis). 

10 © 2013 American Association of Neuropathologists, Inc. 



Copyright © 2013 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. 



/ Neuropathol Exp Neurol • Volume 73, Number 1, January 2014 



Modulation of Neuroplasticity by Faim2 



n 



3Faim2 
lFaim2 J ' 



Faim2-/- 



Faim2+/+ 



0 h 



HOh 






FIGURE 6. Fas apoptotic inhibitory molecule 2 (Faim2)-dependent hippocampal neurogenesis after Streptococcus pneumoniae type 
3 (SP3) meningitis. (A) Quantification of the density of BrdU-immunopositive/NeuN-immunopositive cells in the dentate gyrus 
reveals a significant increase of newly formed differentiated granule neurons in Faim2 _/_ mutants versus littermates at 1 3 weeks 
after infection indicating increased neurogenesis in knockout mice after meningitis (mean ± SEM; *, p < 0.05 Faim2 +/+ [SP3] vs 
Faim2 _/ ~ [SP3]; #, p < 0.01 Faim2 _/ ~ [saline] vs Faim2~ /_ [SP3]). (B) Detection of BrdU (green) and NeuN (red) by double-label 
fluorescence immunohistochemistry. Merge of both markers reveals newly formed neurons 1 3 weeks after bacterial meningitis in a 
Faim2 ~'~ mouse. (C) Confocal images of sections from infected Faim2 +/+ mice stained with phospho-ERK1/2 (green) and DAPI 
(blue) (scale bar =10 |xm). (D) Staining samples of phospho-ERKI /2 in the DG at 0, 10, and 20 hours after infection in Faim2 _/ ~ 
and Faim2 +/+ mice showing a time-dependent increase and a tendency for a more pronounced ERK immunoreactivity in Faim2~'~ 
mice versus Faim2 +/+ mice. 



apoptosis, Faim2 null mutant mice showed marked neurogenesis 
that enabled functional recovery of spatial learning back to 
baseline levels after bacterial meningitis. 

Faim2 neither influenced the extent of bacterial burden, 
the clinical course, nor the mortality rate in early meningitis. 
Levels of bacterial titers and the degree of meningeal inflam- 
mation did not differ between Faim2-deficient and wild-type 
mice in this study or in comparison to historical cohorts (28). 
Consistent with the concept of a lack of Faim2 to influence 
the host resistance to SP3 infection, it is known that genetically 
disrupted Fas/CD95 signaling (Fas lpr and Fas gld mice) does 
not alter the inflammatory response in bacterial meningitis, as 
measured by granulocyte infiltration/extravasation, granulocyte 
apoptosis, and blood-brain barrier permeability (35, 36). The 
same applies for the clinical course of bacterial meningitis in 

© 2013 American Association of Neuropathologists, Inc. 



these mice. In view of this uniform inflammatory response, 
the histological and functional differences that were observed 
between Faim2 null mutants and wild-type littermates are due 
to Faim2-dependent differences in the way the brain responds 
to the neuronal injury. 

As in other acute phases of neurological diseases (10), the 
expression of Fas/CD95 dramatically increased during early 
bacterial meningitis (36, 37), while the expression of Faim2 
significantly decreased, as previously observed in focal brain 
ischemia (27). This inverse dynamic of Fas/CD95 and Faim2 
expression and the fact that genetic disruption of Faim2 in- 
creased disease-related hippocampal cell death and neuro- 
genesis support the idea of stage-dependent Fas/CD95 signaling 
influenced by Faim2, i.e. in healthy individuals, high Faim2 
expression aims at preventing Fas/CD95 triggered cell death, 
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whereas downregulation in early disease stages facilitates ini- 
tiation of regenerative mechanisms, possibly via alternative 
Fas/CD95 signaling. 

Faim2 expression can be regulated by the PI 3-kinase- 
Akt/PKB signaling cascade (25), a pathway known for its 
neuroprotective effects triggered by a number of growth factors 
and neurotrophins including insulin-like growth factor, nerve 
growth factor, brain-derived nerve growth factor, and erythro- 
poietin (38-41). Involvement of brain-derived nerve growth 
factor in neurogenesis after bacterial meningitis and protection 
against disease-associated forms of cell death has been previ- 
ously demonstrated (29, 42). Whether the PI 3 -kinase- Akt/ 
PKB signaling cascade-inhibiting proneurotrophins (43) nega- 
tively influence Faim2 expression is not known, but Faim2 as a 
target of neurotrophin signaling remains intriguing. 

Activation of various caspases during early phases of the 
disease is common to experimental pneumococcal meningitis 
models (44). Upregulation of Fas/CD95, activation of caspase 
8 and 3, as well as apoptotic cell death represent hallmarks of 
classic Fas/CD95 cell death signaling. Quantitative differences 
can be explained by time course (temporary activation), con- 
vergence of receptor-mediated cell signals, and nonapoptotic 
alternative signaling of activated caspases (45—47). TUNEL- 
positive cell death was mainly observed in cells of the sub- 
granular layer of the DG, a pattern that had been described 
for Streptococcus pneumoniae-rdated hippocampal cell death 
before and presumably affects immature neurons (42). The fact 
that only SP3 -infected Faim2 1 mice showed a significant 
increase in hippocampal cell death compared to sham-infected 
controls and SP3-infected wild-type littermates supports the 
hypothesis that a major amount of disease-associated apoptotic 
cell death is prevented via Faim2-dependent mechanisms. 

Growing evidence suggests that Fas/CD95 signaling 
supports regenerative processes in the CNS such as neuro- 
genesis (14, 15) and neuritogenesis (17, 19). In a model of 
cortical trauma, Fas/CD95 signaling had a positive impact on 
clinical outcome (48). In line with these results, the present 
study showed that Faim2 deficiency increased hippocampal 
neurogenesis and spatial learning performance in the regener- 
ative phase after bacterial meningitis. An association between 
the number of newly formed neurons and the performance on 
hippocampal-dependent memory tasks such as the MWM has 
been shown in several models (49-53). Involvement of Faim2 
in cerebellar plasticity, especially affecting Purkinje cells 
and cerebellar granule neurons, is indicated in a number of 
experiments (24-26). The improved performance of Faim2- 
deficient mice compared to wild-type littermates in late men- 
ingitis in the accelerod is in line with this hypothesis. Because 
spatial distribution of locomotion in the open field test (i.e. ratio 
of center/border and of horizontal/vertical activity) was com- 
parable among all groups (data not shown), it seems unlikely 
that the difference in exploratory behavior in the open field test 
was significantly confounded by fear or emotion (54). It was 
recently shown that stimulation of adult hippocampal neuro- 
genesis combined with voluntary exercise results in increased 
exploratory behavior (55) and that plasticity within the DG 
contributes to the origin of exploration (56). Therefore, it seems 
plausible that Faim2 influenced exploratory behavior in the 
course of bacterial meningitis via modulation of stimulated 
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neurogenesis in the DG. However, constitutive absence of 
Faim2 is not always helpful in terms of hippocampal func- 
tioning because uninfected Faim2 -deficient mice were not able 
to perform the probe trial of the MWM, i.e. failed to show 
place preference after successful spatial learning. 

The changes in Faim2 expression in mice were mim- 
icked in the human cases where a tendency for lower immu- 
noreactivity was observed in meningitis cases in comparison 
to controls. We hypothesize that the downregulation in path- 
ological conditions facilitates the initiation of regenerative 
mechanisms via alternative signaling. Because of the small 
size of the human cohorts, we cannot draw further conclu- 
sions, but the evidence of human Faim2 expression and of 
meningitis-related expression changes in the brain further 
strengthens the idea that Faim2 might be a therapeutic target 
to facilitate endogenous neuroplasticity in the course of hu- 
man CNS disease. 

The involvement of Faim2 in different disease pathol- 
ogies (i.e. antiapoptotic effects in ischemic and inflamma- 
tory conditions) and the strong evolutionary conservation of 
Faim2 with a growing number of BI-1 family members (22) 
argue in favor of Faim2 being part of a general neuro- 
protective mechanism. So far, the only known directly in- 
teracting partner of Faim2 is the eponymous death receptor 
Fas/CD95 (23, 24). Therefore, the biological relevance of 
Faim2 is closely linked to the modulation of apoptotic and 
nonapoptotic Fas/CD95 signaling (10), but this does not ex- 
clude that possibility that disease-related effects of Faim2 are 
due to interference with not-yet-identified mediators. 

Lack of Faim2 apparently potentiated caspase-associated 
hippocampal apoptotic cell death as well as ERK activation 
during the acute phase of bacterial meningitis. However, during 
the repair phase of the disease, Faim2 deficiency led to in- 
creased hippocampal neurogenesis. This was associated with 
improved hippocampal spatial learning and memory perfor- 
mance of Faim2 -deficient mice 7 weeks after infection. 

In summary, Faim2 deficiency influenced both degener- 
ative and regenerative processes in a mouse model of pneu- 
mococcal meningitis. Hence, time-dependent modulation of 
neuroplasticity by Faim2 may offer a new therapeutic approach 
for reducing hippocampal neuronal cell death and improving 
cognitive deficits after bacterial meningitis. 
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